Simple Summary: The weaning of young rabbits is a critical period that is often accompanied by digestive troubles. Innovations in feeding strategy are urgently needed to preserve rabbit health and to reduce the use of antibiotics. We show here that providing dehydrated alfalfa during weaning is a promising solution to manage health status by favoring the establishment of a proper digestive microbiota.
Introduction
The high incidence of digestive disease during the post-weaning period of young rabbits is a relevant problem worldwide; the etiology of digestive diseases is poorly understood and is often related to an unbalanced microbiota composition [1] . Due to this, anti-microbials are frequently used as therapy or disease prevention to limit the occurrence of these digestive troubles [2] . However, the use of such anti-microbials in animal production is critically viewed because of their impact on the development of resistant bacteria [3] . There are many documented cases of the transmission of antibiotic resistance from animals to humans and the environment [4] . Studies in poultry [5, 6] , pigs [7] , and rabbits [8, 9] highlighted the importance of microbiota for digestive health and the immune system. The control of microbiota might also have a direct impact on the cost of production by limiting digestive problems around weaning due to the selective barrier effect, through its role as an immune stimulator and by reducing post-weaning mortality. One promising approach is to manipulate the microbiota of the gut to optimize rabbit health by modifying nutritional components of the feed [10] [11] [12] or by favoring the early intake of feed. Combes et al. [13] suggested that, during the initial colonization stages of the gut, the rabbit microbiota is unstable and undergoes microbial changes until 21-35 days of age; moreover, during the pre-pubertal period, the microbiota of the mother can influence and support the stabilization of the intestine [14] . Furthermore, Gidenne et al. [15] suggested that the feed limitation (in terms of duration period, intensity, or method) in the post-weaning period is a successful strategy to improve the digestive physiology of rabbit, because the slower passage of feed results in a more efficient digestion. The authors reported that the reduction of the voluntary intake up to 40% or the access time to the feeders improved the feed conversion and the digestive health status in adult rabbits; these results are partially due to changes in digestive physiology (higher villi area and height) [16] and in immune system response (increased lymphocyte number) [17] .
In the light of what was reported, the aim of the present study was to analyze two dietary strategies (the early administration of dehydrated alfalfa or fresh grass), and to evaluate their effect on the performance and caecal microbiota structure of rabbits during the peri-weaning period.
Materials and Methods

Animals and Experimental Design
The trial was carried out at the experimental farm of the Instituto Zooprofilattico Sperimentale dell'Umbria e delle Marche, according to EU 2010/63/EU and Italian 26/2014 directives. Specific experimental authorization was given by the Ethical Committee, number 397/2016-PR on 26 April 2016. The environmental temperature and relative humidity were controlled (ranges: 18-27 • C and 60-75%, respectively). The building was artificially ventilated (0.3 m 3 /s).
Twenty New Zealand White rabbit does were inseminated and 12 homogeneous multiparous pregnant does were selected for the trials. A semi-intensive reproductive rhythm (interval between parturition was 42 days) was applied. At birth, litters were homogenized to nine young rabbits/doe. Fifteen days after the kindling, does and litters were divided into three groups (four doe-litters/group):
• Control group (C); does and young rabbits were fed standard pelleted feed (alfalfa meal 38 g/100 g, barley 19 g/100 g, maize gluten feed 15 g/100 g, extruded soybean 14 g/100 g, wheat bran 7 g/100 g, and vitamin and mineral mix 7 g/100 g).
•
A group; does and young rabbits were fed the same standard pelleted feed as group C but had additional access to dehydrated alfalfa (furnished by Carli, Pietracuta di San Leo; RN, Italy; in blocks of size 3 cm length × 2 cm width × 1 cm thickness).
• G group; does and young rabbits were fed the same standard pelleted feed as group C but had additional access to fresh grass (cut every day at an average height of 20 cm). The main species of the natural pasture were the following: Arrhenatherum elatius, Brachypodium spp., Dactylis glomerata, Lolium spp., Lotus cornicolatus, Onobrycis viciaefolia, Pisum sativum, and Capsella bursa-pastoris.
Does were housed in World Rabbit Science Association (WRSC) cages modified by adding a hay feeder in the nest and reducing the nest door dimensions. The dimensions of the cage were 38 cm width (W) × 1030 cm length (L) × 60 cm high (H) in the highest part of the cage and 35 cm in the lowest part. The nest was 38 cm W × 25 cm L × 35 cm H. In the nest was added a hay feeder of 25.4 cm H × 25.4 cm L, to provide both pelleted and supplemental feed. The mothers did not have access to the nest feeder during the experimental period, because the nest door was reduced in dimension using a wire mesh.
The dietary experimental plan is shown in Figure 1 . From the day of birth until 15 days of age, litters were housed in the nest of the maternal cage and milked once per day (7:00-7:30 a.m.), after which the nest was closed. From 15 to 30 days of age, the young rabbits had free access to the mother's cage and could consume both milk and solid feed. To monitor the feed intake, two feeders were installed in the cage: one inside the nest for exclusive use by the litter, and the other one in the main part of cage for mother and litters; as previously reported in groups A and G, alfalfa and fresh grass were also furnished, respectively. At 30 days of age, young rabbits were weaned and were kept in single cages (dimensions: 38 cm W × 60 cm L × 35 cm H) following the same dietary protocol until 45 days (C: only solid feed; A: solid feed plus alfalfa; G: solid feed plus fresh grass).
Throughout the entire trial, water, pelleted feed, dehydrated alfalfa, and fresh grass were provided ad libitum.
Productive Performance
Peri-weaning mortality and feed intake (solid pelleted diet, dehydrated alfalfa, and fresh grass) were recorded daily. No data were recorded on water intake. Litters were weighed daily until weaning age (30 days), whereas, from 30 to 45 days, rabbits were individually weighed. Milk production was evaluated by weighing litters before and after access to milk (0 to 15 days). The feed efficiency from 30 to 45 days was also calculated.
Slaughtering and Sampling
At 30 and 45 days of age, 10 young rabbits/group were randomly selected, weighed, and sacrificed in accordance with the 2010/63/EU directive transposed into the 26/2014 Legislative Decree by an overdose of pentobarbital sodium at a dose of 200 mg/kg administered intravenously. The gastro-intestinal tract and cecum were immediately removed.
Analytical Evaluations
Proximate Composition of Feed and Supplemental Diets Dry matter was determined by oven-drying at 105 • C overnight [18] . Crude protein was measured by a Kjeldahl nitrogen analysis [18] . Lipids were extracted by diethyl ether using a Soxhlet apparatus (SER 148, VELP Scientifica, Monza-Brianza, Italy). Ash content was determined by combusting for 3 h at 550 • C. Crude fiber was determined as described by Reference [18] . Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) content was determined according to Reference [19] . The total intake (pelleted and supplemental feed) of all fiber components (NDF, ADF, ADL, hemicellulose, and cellulose) was also calculated.
Caecal Microbiota Evaluation
DNA Extraction
Total genomic DNA from approximately 0.2 g of caecal sample was extracted and purified using the QIAamps DNA Stool Mini kit (Qiagen Ltd., West Sussex, UK) according to the manufacturer's instructions after thermal (in liquid nitrogen) and mechanical (bead beating using 400 mg of 0.1-mm glass beads) lysis.
16S Ribosomal RNA (rRNA) Gene Sequencing
The V3-V4 regions of 16S rRNA genes in the DNA extract from the caecal samples were amplified from purified genomic DNA using the primers forward F343 (5 -CTTTCCCTACACGACGCTCTTCCGATCTTACGGRAGGCAGCAG-3 ) and reverse R784 (5 -GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT-3 ). The PCR was carried out with an annealing temperature of 65 • C for 30 amplification cycles. At the Genomic and Transcriptomic Platform (INRA, Toulouse, France), single multiplexing was performed using 6-bp index sequences, which were added to R784 during a second PCR with 12 cycles. The resulting PCR products were purified and loaded onto the Illumina MiSeq cartridge (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. Each pair-end sequence was assigned to its sample with the help of the previously integrated index.
Sequence Analysis
A total of 4116 16S ribosomal DNA amplicon sequences were sorted based on their respective barcodes, representing the 60 caecal samples. Using FROGS [20] , in keeping with the standard operating procedures (SOP), sequences were filtered by removing sequences that did not match both proximal PCR primer sequences (no mismatch allowed), had an erroneous sequencing length (<400 or >500 nucleotides), or had at least one ambiguous base. Chimeric DNA sequences were detected using VSEARCH and removed. Reads were clustered into operational taxonomic units (OTUs) using SWARM [21] . OTU taxonomic assignment was performed using the basic local alignment search tool (BLAST) algorithm against the SILVA SSU Ref NR 128 database [22] .
Statistical Analyses
The statistical analysis of the productive performance of the rabbit does and young rabbits was performed using a mixed linear model (STATA-MIXED) [23] with the fixed effect of feed treatment and accounting for the repeated measurements with litter as a random effect. The significance of differences in Least Square (LS) means was assessed using a t-test (p < 0.05).
The statistical analyses of all other traits (microbiota analysis) were carried out using R software, version 3.4.2 [24] , in RStudio software, version 1.1.383 [25] . Shannon and InvSimpson diversity indexes were calculated, and the structure of the bacterial community was investigated after calculation of a Bray-Curtis distance matrix that was plotted using a principal coordinate analysis, after matrix rarefaction normalization. To check for group differences, an ADONIS pairwise test with the Bray-Curtis distance was carried out. At the taxonomic level, significant differences between feeding groups and the two ages were reported, but their interaction (feed × age) was not significantly different.
Results
Proximate Composition of Pelleted and Supplemental Feed
The alfalfa had a higher fiber content than fresh grass, of which the main form was NDF, followed by ADF and ADL. Accordingly, the cellulose and hemicellulose content was also higher ( Table 1) . 
Productive Performance of Does, Litters, and Young Rabbits
No significant differences were found between the weight of individual litters at both 30 and 45 days of age (Table 2) .
In both the experimental groups (A and G), the milk intake of the litter was not significantly different than control ( Table 2 ). The pre-weaning mortality was the same (12.5%) in all the groups, and no death occurred after weaning.
The feed intake of group G (feed + fresh grass) during milking was higher than that of group A (feed + alfalfa) and the control, when expressed on a fresh matter basis (data not shown); however, on a dry matter (DM) basis, the A intake was higher compared to that of G and C (Figure 2A) . Furthermore, the ADF intake during the pre-weaning period was respectively 1.6 and 2.9 times higher in groups G and A than C ( Figure 2B) . Obviously, the intake of the other fiber components changed in the three groups, considering that the fiber components (NDF, ADL, cellulose, and hemicellulose) were different in grass, dehydrated alfalfa, and control diets.
The feed and fiber intakes of the rabbits after weaning (30-45 days) were more similar than during milking; however, the A and G groups generally showed significantly higher values (Table 2 ). 
Caecal Microbiota Analysis
The alpha diversity ( Figure A1 in Appendix A), indicated by the Shannon index, showed a significant difference between the two ages; at 30 days of age, the observed OTUs were lower than at 45 days, but there was no significant change (p > 0.05) due to the feeding strategyFigures 3 and A2 (Appendix A) show the plots representing the caecal microbiota diversity in relation to the feeding strategy and age. At 30 and 45 days, the groups were separate in both multidimensional scaling (MDS; principal coordinate analysis) plots generated based on the UniFrac ( Figure A2a ) and Bray-Curtis distance ( Figure A2b) .
Analysis of the taxonomic composition of the bacterial community revealed that, at 45 days, the phyla profile was very different to that at 30 days. At both 30 and 45 days of age, Firmicutes was the predominant phylum; however, at 30 days, Bacteroidetes had a higher percentage than at 45 days.
Analysis of the abundance of the phyla and families of the bacterial community (Figures 4 and 5 ) revealed many differences between the diets (Table 3 ). The A groups at 30 days of age showed a higher proportion of Firmicutes than the C and G groups (72.07 vs. 65.78 and 62.38%, respectively), which was also shown by the Firmicutes/Bacteroidetes ratio (2.90 vs. 2.34 and 2.05 in groups A, C, and G, respectively). Both dietary supplemented groups showed a lower percentage of Protobacteria at 30 days than the control. The Ruminococcaceae/Lachinospiraceae ratio was the highest in the A group at both ages, followed by the G group then the C one (8.67 vs. 0.13 and 0.08% at 30 days and 1.99 vs. 0.19 and 0.07% at 45 days, respectively, for the G and C groups). In particular, the most abundant families in the samples were Lachnospiraceae, Ruminococcaceae, and Clostridiales with more than 5%, followed by Lactobacillaceae, Coriobacteriacee, and Bacteroidaceae.
Discussion
Rabbits, being cecotrophic mammals, have a microbiota which differs from other herbivorous species and provides approximately 30-50% of the maintenance energy requirements of an adult [26] . However, the transition from milk to solid feed, like in other mammals, is a very critical period for the establishment of a proper and durable microbiota [13, 15] . The microbiota depends on the feed provided, since it acts as the substrate for microorganisms, modulating the physico-chemical conditions of the microbial community, intestinal motility, and digestive transit [15] . Apart from feed composition, the initial age of solid feed intake also has a significant impact on the development and maturity of the digestive tract of young rabbits [15] .
In the present study, we demonstrated that fiber-rich dietary supplies (dehydrated alfalfa and, to a lesser degree, fresh grass) furnished in the early-life period orients the digestive ecosystem of young rabbits, without any negative effect on productive performance. Our results showed that groups G and A increased feed intake during the pre-weaning period (15-21 days: 3.6 vs. 8.6 and 14.2 g/day/rabbit, respectively, in groups C, A, and G) with respect to the control. Fresh grass and alfalfa also increased fiber intake (e.g., ADF 1.2-and 2.5-fold; cellulose 1.6-and 3.0-fold, respectively).
Our previous study, which used fresh chicory as supplemental feed, showed a similar trend [27] ; however, the caecal content of rabbit fed chicory had a lower dry matter, because of the higher moisture of fresh vegetable.
Mousa et al. [28] administered different tropical green forage to rabbits and observed an increase in feed intake, even if this was not followed by any improvement in body weight. Other researchers showed that feed intake by litters generally starts at about 17 days of age and is very low in the first days (2.5 g/day between 18 and 21 days [29] ) with a substantial increase one week later [30] . Accordingly, cecotrophia starts some days later, and its activity is associated with a stable and higher feed intake [9] .
The role of dietary fiber in rabbit digestive physiology was deeply studied [31] [32] [33] , and the role of different fiber classes (i.e., NDF, hemicelluloses, pectins, ADL, ADF, and cellulose) was assessed [34] [35] [36] . Maitre et al. [36] stated that the supply of lignocellulose (ADF) favors digestive disorders and mortality in fattening rabbits, and a high value of ADF (>25%) is also associated with a slow growth rate [35] . Furthermore, a linear relationship between ADL value and mortality (by diarrhea) in young rabbits was reported, since a higher lignin content is associated with a lower retention time of digesta in the intestinal tract (−20%) [37] . Accordingly, Gidenne [10] suggested the use of a minimum quantity of lignocellulose (ADF, 190 g/kg of raw feed) and lignin (ADL, 55 g/kg of raw feed) in the diet of young rabbits (until 45 days of age).
Many differences were found in the microbiota structure of different aged rabbits. The caecal microbiota of young rabbits during the lactation period (15-30 days) strongly differed from that of post-weaning rabbits (45 days). Firmicutes was the most abundant phylum (~74% of the total phyla), which reached higher values at 45 days, whereas Bacteriodetes, which was the second most abundant phylum (~13%), showed the opposite trend in all the experimental groups. Other phyla constituted the less abundant portion of the bacterial community (<5%) and showed a higher within-group variability. In addition, we found a predominance of Lachnospiraceae.
It should be noted that the higher variability observed in the microbiota within dietary groups could be related to the relative gut immaturity of young rabbits. Similarly, Combes et al. [13] found a progressive reduction in the distances between the bacterial communities of two consecutive ages from the neonatal period to the sub-adult period, indicating a progressive stability up to 70 days of age (the period in which there is homogenization). The authors reported that the total bacterial copy number reached a maximum at 21 days; however, the changes were widely dependent on phyla; the Bacteroides/Prevotella increased from 14 to 21 days, remained stable until 35 days, and decreased at 70 days to a level similar to that at 14 days, whereas the Firmicutes remained stable between 14 and 70 days.
In agreement, Padilha et al. [38] reported that the microbiota of young rabbits changed after feed transition (from milk to dry feed) at around three weeks of age.
At weaning, the caecal ecosystem of litters is not yet fully developed and stabilized [37] ; therefore, the microbiota of the mother also plays a key role in establishing that of the litters. Coprophagia by young rabbits was described by Combes and co-workers [9] , and it is an important behavior for the establishment of a proper intestinal microbiota. Zhang et al. [39] reported that the doe-litter separation during suckling (probably associated with no or lower coprophagia) reduced the intestinal bacteria richness and negatively affected the development of the intestinal digestive and immune systems and the growth performance of litters.
The observed proportion of phyla agreed with that reported by Bäuerl et al. [40] , whereas Combes et al. [9] found a higher proportion of Firmicutes (94%) and lower proportion of Bacteriodetes (12%) in adult rabbits. It is likely, as already stated, that some discrepancies are related to the different ages of the rabbits; indeed, in our experiment, the bacteria proportions changed with age.
The main phyla which constituted the rabbit microbiota are described as capable of degrading cellulose, in the order of efficiency of Firmicutes > Actinobacteria > Proteobacteria > Bacteroidetes [41] . In agreement, a possible shift in the microbiota profile found on A group with respect to G and C (Firmicutes > Bacteroidetes) was likely due to the higher amount of cellulose or lignocellulose ingested, as demonstrated by present results. Such changes were more effective at 45 days of age, when the cellulose intake was higher than that at 30 days (17.53 vs. 15.75 and 15.05 at 45 days and 3.49 vs. 1.83 and 1.15 at 30 days, respectively, in A, G, and C).
Bacteroidetes are believed to be one of the major commensal phyla in the gut of rabbits and they were proven to stimulate the development of gut-associated immune tissue [42, 43] . Accordingly, the Firmicutes/Bacteroidetes ratio showed a significant difference due to the age and feed. Mariat et al. [44] , reported that the amount of Bacteroidetes is generally higher in the intestine of young healthy rabbits than in adults, and, after 56 days, the shift is almost definitive.
In our study, the proportion of Firmicutes at 30 days of age was highest in the A group and had a value similar to that at 45 days, whereas group G had the lowest percentage of this phylum and a higher proportion of Bacteroidetes than the control. Such results suggested a better fiber digestion by the A group; in agreement, Fortun-Lamothe et al. [45] reported that the bacteria involved in fibrolysis (hydrolysis of cellulose, xylanes, pectins, etc.) become established only when intake of solid feed begins and when a fibrous substrate enters the caecum. Probably, the early administration of a two-fold higher quantity of lignocellulose (ADF values until 30 days) in the A group with respect to the G group better arranged the intestine bacteria community to its use. Furthermore, alfalfa administration also changed the microbiota in terms of family composition: increasing the Ruminococcaceae/Lachnospiraceae ratio compared to the control group. In agreement, Combes and co-workers [9] described the Ruminococcaceae/Lachnospiraceae ratio as an important marker for intestinal health; higher values of Lachnospiraceae were found in healthy young rabbits due to the stimulation of cecotrophic behavior, which was also associated with a reduction in mortality. Ruminococcus is the most relevant genus of the Firmicutes phylum that is dominant in healthy rabbits and notably decreases in the presence of disease [46, 47] .
Conclusions
Although the main effects on the rabbit microbiota were related to age, taken together, these results suggest that different dietary supplies can strongly modify the microbiota and could be a helpful strategy to promote the health of young rabbits during the peri-weaning period. The use of dehydrated alfalfa seems to be more effective than fresh grass, mainly because of the higher fiber intake. However, further studies are needed to better understand the changes, in terms of species and/or functional microorganisms, in the composition of the targeted microbiota, as well as the role of these changes in the immune system and, consequently, the health of young rabbits. Figure A2 . MDS plots of the rarefy weighted UniFrac distances (a) and Bray-Curtis distances (b) of caecal microbiota of rabbit fed a dietary supplementation of dehydrated alfalfa or fresh grass in peri-weaning period (those at 30 and 45 days of age were analyzed). Principal component (PC)1 and PC2 values for each sample are plotted; the percentage variation explained by each PC is shown in brackets. C = rabbit fed pelleted feed only; A = rabbit fed pelleted feed + dehydrated alfalfa; G = rabbit fed pelleted feed + fresh grass.
